This study investigated the growth rate of Limnoperna fortunei postlarvae on experimental frames over the course of a year, to evaluate the effects of physicochemical environmental factors on their growth in a reservoir, Lake Ohshio, Gunma, Japan. The median shell size of L. fortunei slightly increased in the autumn after recruitment, exhibited little growth in winter and then greatly increased in summer. Water temperature was positively correlated with growth rate of L. fortunei. However, we found no correlation between the growth rate and dissolved oxygen, chlorophyll a or turbidity. The settlement pattern of L. fortunei was also investigated during the course of a year. Second-year recruit density was much higher than for first-year recruits.
INTRODUCTION
Limnoperna fortunei (Dunker, 1857) is a freshwater bivalve that attaches to water intake structures and filters a large volume of water, resulting in major biofouling and environmental problems. It is known to have adversely affected water utilization systems, such as those in water supply systems, industrial plants and hydroelectric stations in areas that it has invaded (Magara et al., 2001; Darrigran, Damborenea & Greco, 2007) . In addition it is known to affect freshwater ecosystems by decreasing suspended matter, chlorophyll a (chl. a) and primary production due to its high filtration ability (Boltovskoy et al., 2009a) . The expanding distribution of these invasive mussels and the resulting damage to industry and ecosystems are matters of concern.
Limnoperna fortunei has a planktonic larval stage in their life cycle. Zebra mussels, Dreissena polymorpha (Pallas, 1771), which have life cycle and biological traits similar to those of L. fortunei, require lentic environments as larvae and their stream populations are maintained by a supply of larvae from upstream lakes and dammed tributaries (Horvath et al., 1996; Stoeckel et al., 2004) . Lakes and reservoirs are probably also important for the maintenance of L. fortunei populations. There have been several studies on the growth and settlement patterns of L. fortunei in lotic environments, such as rivers (Iwasaki & Uryu, 1998; Boltovskoy & Cataldo, 1999; Maron˜as et al., 2003) and water supply systems (Magara et al., 2001; Goto, 2002) . A similar study has been conducted in a lentic environment in a reservoir of a subtropical region (Morton, 1977) , but this type of study has not previously been carried out in a temperate region.
Previous studies have listed the ranges of physicochemical parameters for L. fortunei in relation to its survival limits (Karatayev et al., 2007) and potential population densities (Mackie & Claudi, 2010) . However, few studies have investigated the effects of physicochemical factors on the growth of L. fortunei.
The objectives of this study were to elucidate the growth and settlement patterns of L. fortunei in Lake Ohshio and evaluate the relationships between the growth of L. fortunei and physicochemical factors, such as water temperature, dissolved oxygen (DO) concentration, chl. a concentration, electrical conductivity (EC) and turbidity. We discuss differences in the biological characteristics of L. fortunei inhabiting reservoirs of three different climate zones (temperate, subtropical and tropical) in order to compare the results of this study with those of previous studies (Morton, 1977; Boltovskoy et al., 2009b) .
MATERIAL AND METHODS
Lake Ohshio is a small (volume 1.8 km 3 , surface area 0.15 km 2 ) dammed reservoir located at 36813 0 14 00 N, 138852 0 47 00 N in the Kabura-gawa water supply system, which was constructed in the 1970s for agricultural purposes in southwestern Gunma Prefecture, central Japan. An aeration system in the lake, consisting of two aerators, was installed to improve water quality and is operated every year from late spring to late summer. Thus, the lake water circulates vertically, even in summer. Limnoperna fortunei was first found in the Kabura-gawa water supply system in 2005 (Katayama, Shimizu & Matsumoto, 2005) . Destratification caused by the aeration system probably provides suitable conditions for the L. fortunei population to survive and reproduce (Nakano, Kobayashi & Sakaguchi, 2010a) .
Plastic ( polypropylene) containers were divided into four parts consisting of three orthogonal planes each (the length of each side was c. 12 cm) to make experimental frames. We designated three quadrats (10 cm Â 10 cm) on the internal side of the divided container as experimental sections to examine colonization by L. fortunei (see Nakano, Kobayashi & Sakaguchi, 2010b) . The experimental frames were submerged on August 31, 2008 at the installation site, which was located c. 170 m away from the centre of the reservoir to the southeast. A total of 24 frames were installed at a depth of 8 m on ropes suspended from buoys. A container plane of each frame faced upward to prevent silt deposition on the experimental section. Plumb bobs were hooked to the experimental frames to stabilize them. Four experimental frames were retrieved on each of the following dates: October 3, 2008 (c. 1 month after installation); November 27, 2008 (c. 3 months); February 26, 2009 (c. 6 months); April 24, 2009 (c. 8 months); June 30, 2009 (c. 10 months); and September 2, 2009 (c. 12 months) . We removed attached matter from the experimental sections of the retrieved frames (using a nylon brush) and then preserved them in 70% ethanol. In the laboratory all L. fortunei individuals of any size in the sample were counted, and their shell lengths measured to the nearest 0.1 mm using an ocular micrometre under a binocular microscope. Because the samples retrieved on September 2, 2009 included a large amount of small (,1.0 mm) individuals, after all of the L. fortunei individuals .1.0 mm were removed from the samples, the remaining samples were subsampled until a subsample size of c. 200 individuals was reached. Individuals .1.0 mm and those in the subsample were counted, and their shell length measured as described above. We classified the individuals in the samples collected on September 2, 2009 that were .1.0 mm as having been hatched in 2008. Subsequently, we analysed the growth rates and settlement density of L. fortunei using only data for individuals hatched in 2008.
Physicochemical factors (temperature, DO, chl. a, EC and turbidity) were measured at a depth of 8 m around the installation site. Water temperature was recorded at 1-h intervals using a data logger (StowAway Tidbit temperature logger; Onset Computer Corporation). We measured other factors at 1-to 4-week intervals, using a turbidity meter (SoliTeck 740; Partech Inc.) and a multiparameter water quality meter (Data MiniSonde 5; Hydrolab Inc.), to record DO, chl. a and EC. Because of a failure of the turbidity meter, there were no turbidity data available after June 30, 2009.
To analyse the effects of physicochemical environmental factors on the growth rate of L. fortunei, we compared the intra-annual growth rates and the average daily values of each factor during the experimental period from one retrieval to the next. Intra-annual growth rates (G t %) were calculated for each experimental period as:
where L t and L t -1 were the median shell lengths measured on the tth and (t 2 1)th retrieval occasions, respectively, and T t was the time elapsed from (t -1)th until the tth retrieval occasion (Negishi & Kayaba, 2010) . The average daily values (A t ) of each environmental factor were calculated for each experimental period as:
where f(t) was the polygonal line of each factor measured between the tth and (t 2 1)th measure occasions. Pearson's correlation and least regression analyses were conducted to test for correlations between the growth rate and the average daily value of the five environmental factors. Larval sampling was conducted to compare larval density and juvenile settlement. Samples were obtained from the centre of Lake Ohshio (see Nakano et al., 2010a) during the day (from 09:00 to 15:00). Limnoperna fortunei larvae were collected by vertical hauls from the bottom to the surface (all layers) using a plankton net (30 cm diameter, 100 mm mesh size, Rigo-sha Inc.) equipped with a digital flow meter (Model 2030RC, General Oceanics Inc.). We collected samples at approximately weekly intervals from June to September in 2008 and 2009. In other months we took samples at monthly or semi-monthly intervals. The analyses presented here are based on data from June 5, 2008 and November 10, 2009. The samples were preserved in 70% ethanol. In the laboratory, they were subsampled until a subsample size of c. 200 larvae was reached. Subsequently, all larvae in the subsample were counted under a binocular microscope at a magnification of 80Â. We counted the shelled stage larvae (.120 mm), but did not target the unshelled stages (i.e. trochophores). The larval density (ind./m 3 ) of each sample was calculated by dividing the numbers of larvae in the sample by the volume of filtered water.
A one-way analysis of variance (ANOVA) was performed with the installed periods as fixed factors to determine the effects of the retrieval period on L. fortunei abundance. When we detected a significant effect, we tested the effect in each category using Holm tests. We used a log 10 (x þ 1) transformation on all data to stabilize the variances and improve normality. We set the level for statistical significance at a ¼ 0.05.
RESULTS
The relationship between physicochemical factors and growth rate of Limnoperna fortunei Figure 1 shows the shell-length frequency distribution of mussels on the experimental frames throughout the survey period. On Water temperature showed a significant correlation with the growth rate of L. fortunei (r 2 ¼ 0.970, P ¼ 0.002). The growth rate increased with an increase in water temperature (Fig. 3) . A significant correlation was also found between EC and the growth rate (r 2 ¼ 0.853, P ¼ 0.025). The growth rate decreased with an increase in EC (Fig. 3) . However, the growth rate was found to exhibit no significant correlation with DO (r 2 ¼ 0. (Fig. 3) .
Settlement pattern of Limnoperna fortunei postlarvae
The densities of L. fortunei on the experimental frames were significantly different among the retrieval periods ( 
DISCUSSION

Relationships between growth rate and physical factors
In this study, we were able to track the growth pattern of Limnoperna fortunei beginning with very small individuals (0.2 mm) immediately after settlement. Many previous studies on L. fortunei growth considered only individuals with a shell length of .2.0 mm (Morton, 1977; Iwasaki & Uryu, 1998; Boltovskoy & Cataldo, 1999; Magara et al., 2001; Goto, 2002; Maron˜as et al., 2003) . Therefore, the growth pattern elucidated in this study represents significant new data for this species.
The results of our study indicate that the growth rate of L. fortunei strongly depends on water temperature, as has been shown for many aquatic organisms (Wetzel, 2001; Bro¨nmark & Hansson, 2005) . The lower temperature limit for L. fortunei growth is estimated to be between 5 and 108C, based on the relationship between water temperature and growth rate observed in this study, although this estimation is subject to error. Because L. fortunei mortality at 58C was observed to increase dramatically compared with mortality at 108C in laboratory experiments in a previous study (Oliveira, Hamilton & Jacobi, 2010) , this estimate is considered reasonable. Morton (1977) suggested that L. fortunei growth may be arrested by high temperatures (27-288C), based on observations of population dynamics in the Plover Cove reservoir, Hong Kong. However, L. fortunei reproduction in the Itaipu´reservoir in South America reached its peak when the water temperature was .308C (Boltovskoy et al., 2009b) . Their result suggests that water temperature as high as 27-288C is not limiting for L. fortunei growth, but further experiments in the laboratory are needed to clarify the upper and lower temperature limits for growth, and to determine whether these are subject to local acclimation or selection.
In our study, the mean shell length of the L. fortunei population was found to be 9.5 mm (median 9.8 mm) after 1 year's growth, while the mean shell lengths found in Plover Cove were 22 and 20 mm at depths of 6.1 and 9.1 m, respectively (Morton, 1977) . In South American rivers the growth rates are similar to those in the Plover Cove reservoir (Boltovskoy & Cataldo, 1999; Maron˜as et al., 2003) . These differences observed in L. fortunei growth could be caused by water temperature conditions. The temperature was usually .158C at all depths in the Plover Cove reservoir and in South American rivers, whereas in Lake Ohshio the temperature was above 158C for only half of the year. The relationship between the EC level and the growth rate might be a pseudocorrelation, because EC showed the reverse trend of water temperature in Lake Ohshio (Fig. 3) . The range of EC values in Lake Ohshio included EC levels associated with a high potential for massive infestations of L. fortunei (Mackie & Claudi, 2010) , so it is unlikely that the increase in EC found in this study prevented L. fortunei growth. Calcium concentration is considered important for L. fortunei survival and growth (Mackie & Claudi, 2010) . In Lake Ohshio the calcium concentration ranged from 17.84 to 23.56 mg/l (n ¼ 7) and tended to be higher in winter than summer (as was EC) during the experimental period (D.N., unpubl.).
There was no correlation between DO and the growth rate of L. fortunei observed in this study. Hypoxic stress often restricts the growth of aquatic organisms. However, DO was relatively high at all depths in Lake Ohshio due to the aeration system (Nakano et al., 2010a) . The DO at 8 m depth was always above 7 mg/l, which is sufficient for L. fortunei survival and growth (Mackie & Claudi, 2010) .
Because phytoplankton is the main food source of L. fortunei, chl. a is likely to affect its growth. However, we found no correlation between chl. a and growth rate. The chl. a levels in Lake Ohshio (0.5 -23.6 mg/l) were not lower than those in the Embalse de Rı´o Tercero reservoir of Argentina (2.0-8.0 mg/l), where the L. fortunei growth rate is higher than in Lake Ohshio (Boltovskoy et al., 2009a) . Growth rates are affected not only by food mass but also by food quality and availability (e.g. Boltovskoy et al., 2009b) , which should be investigated for L. fortunei.
The effect of turbidity on the growth rate of L. fortunei was not significant in this study, although there was a tendency toward decreasing growth rate with increasing turbidity (Fig. 3) . It was expected that an increase in turbidity might depress L. fortunei growth by reducing food availability. Although some studies have evaluated the effects of inorganic suspended sediment (turbidity) on growth of zebra mussel (e.g. Alexander, Thorp & Fell, 1994; Thorp et al., 1998) , no similar experiments have yet been performed on L. fortunei.
Settlement pattern of Limnoperna fortunei in Lake Ohshio
The increases in L. fortunei density observed on November 27, 2008 were not caused by larval recruitment, because reproduction terminated on October 3, 2008. Mytilid bivalves are mobile and generally exhibit gregarious behaviour (Bayne, 1976) . Limnoperna fortunei individuals probably moved onto the experimental sections from other sites on the experimental frames and supporting ropes.
The density of L. fortunei slightly decreased in winter when the water temperature was below 58C. Survival at 5-78C was found to be ,50% during the first 20 days in a thermal tolerance assay (Oliveira et al., 2010) . Therefore, low temperatures in winter might decrease L. fortunei density in Lake Ohshio.
The recruitment of L. fortunei postlarvae to the experimental frames in 2009 was much higher than in 2008. The massive recruitment we observed more than 2 years following installation was also observed in Plover Cove (Morton, 1977) . The settlement cue provided by attached L. fortunei adults and the development of biofilms could have induced larvae to settle on frames that had been installed in the previous year. Two types of settlement cues are involved in larval recruitment: conspecific cues produced by individuals of the recruiting species and associative cues that are mainly generated by microorganisms in the biofilm (Maki, 1999) . The recruitment of L. fortunei was strongly facilitated by the presence and density of conspecifics in a river in South America (Sardin˜a, Cataldo & Boltovskoy, 2009). Biofilms were found to enhance the attachment of Dreissena polymorpha postlarvae to polycarbonate substrates in a river in North America (Kavouras & Maki, 2003) . In marine habitats invertebrate larvae often use settlement cues to determine suitability of substrate for attachment (Rittschof et al., 1998) . Although settlement cues have been identified in some marine species, such as Crassostrea virginica (Zimmer-Faust & Tamburri, 1994) and Balanus amphitrite (Matsumura, Nagano & Fusetani, 1998; Endo et al., 2009) , the identity of these cues for most freshwater species remains unknown. Further studies to identify the settlement cues for L. fortunei could provide useful information for controlling biofouling by this species. Additionally, an increase in habitat complexity caused by L. fortunei clusters might have contributed to the survival of their postlarvae against predation in 2009. Nakano et al. (2010b) reported that the impact of predation on L. fortunei postlarvae was considerable on the frames installed in Lake Ohshio during the first year, when no adults were present. In freshwater environments small individuals of benthic invertebrates use aggregations of organisms with shells or cases as refuges from predation (Stewart et al., 1999; Nakano, Kuhara & Nakamura, 2007) . Similarly, clusters of L. fortunei adults could provide refuges for their postlarvae in rivers and lakes. However, many straight-hinged larvae were collected from the experimental frames that had been installed for a year, and most of those were considered to have been dead prior to sampling. Adults of the marine mussel Mytilus galloprovincialis have been observed to feed on their larvae in a laboratory experiment (Bao, Satuito & Kitamura, 2008) , and if this also occurs in L. fortunei the dead larvae could have been excreted in faeces and pseudofaeces.
Comparisons of breeding and growth seasons between three climatic zones Table 1 shows the physical factors and biological characteristics associated with L. fortunei in reservoirs in three different climatic zones. The range of DO and pH values in Lake Ohshio and Plover Cove included levels associated with a moderate potential for massive infestations of L. fortunei (Mackie & Claudi, 2010) . Although there are no published data available for DO and pH in tropical Itaipu´, its neighbouring reservoir in the same river system, Ibitinga, has similar DO (6.8-10.0 mg/l) and pH (7.27 -9.96) ranges to Lake Ohshio and Plover Cove (Pareschi et al., 2008) . The ranges of water temperatures differed markedly among the three reservoirs.
The breeding season of L. fortunei is short in temperate regions compared with subtropical and tropical regions ( Table 1 ). The onset of L. fortunei breeding has been observed to be triggered by a rise in temperature to above 178C in Asia (Morton, 1977; Nakano et al., 2010a) and South America (Cataldo & Boltovskoy, 2000) . The periods characterized by temperatures of 178C or above were found to be 5, 10 and 12 months of the year at the reservoirs in temperate, subtropical and tropical regions, respectively, which presumably influence the breeding season durations in these areas. The temperature corresponding to breeding termination was .178C in the reservoirs of all of these regions. However, the temperature of breeding termination was found to be almost the same as that of breeding onset in a large river and estuary (Cataldo & Boltovskoy, 2000; Boltovskoy et al., 2009b) . Differences in temperature between the onset and termination of reproduction have also been found in the Mytilus edulis (Newell et al., 1982) . The cause of such termination was considered to be depletion of food availability (Newell et al., 1991) . Gist, Miller & Brence (1997) found spatfall of Dreissena only once during a season in Lake Erie, but more than once in some rivers. They concluded that temperature appeared to regulate the onset of reproductive events, but that food also played a role in determining the frequency of reproduction. The limitation of reproduction by reduced food availability would not be expected to occur in lotic environments, such as rivers and estuaries, because of a sufficient food supply due to water flow.
The peak growth rate in Plover Cove was observed earlier than in Lake Ohshio (Table 1) , which is clearly related to differences in water temperature between temperate and subtropical regions. There was usually one sharply defined breeding peak in Lake Ohshio (Nakano et al., 2010a) , while there were two in Plover Cove. Although the peak in Ohshio was almost coincident with the high temperature season, the peaks in Plover Cove did not necessarily correspond to high temperatures. The observed patterns of growth rates and spatfall in Plover Cove showed that L. fortunei growth exhibited a plateau period following a promotion period and began to increase again after spatfall. We anticipate that there will be trade-offs between growth and reproduction in L. fortunei under foodlimiting conditions. In fact, the peak of breeding activity occurred following the peak of the growth rate in Lake Ohshio. In temperate regions low water temperatures can limit growth and reproduction to a short period, resulting in the occurrence of their peaks in summer. High temperatures throughout the year in subtropical regions might generate conditions conducive to alternating between growth and reproduction, even under conditions of low food availability. The highest peak of reproduction was observed in the highest temperature season at Itaipu´. However, two lower peaks were observed in spring (December) and autumn (June). Longer periods of high temperature could permit the occurrence of three breeding peaks, depending on other factors in tropical regions. Water temperature could be the primary factor influencing the growth and reproduction of L. fortunei as well as regulating the effects of other factors and the period of their effects.
CONCLUSION
There was no correlation of DO, chl. a or turbidity with Limnoperna fortunei growth rates. Water temperature was found to be positively correlated with the growth rate of L. fortunei and is considered the primary determinant of growth rates, under conditions of sufficient calcium availability. The density of L. fortunei second-year recruits was dramatically higher than that of first-year recruits. This recruitment in the second year could be induced by settlement cues provided by attached L. fortunei adults and the development of biofilms on frames that had been installed in the previous year. In addition, antipredation effects, due to an increase in habitat complexity because of L. fortunei clusters, would also permit this high recruitment. (Morton, 1977) and tropical regions (Boltovskoy et al., 2009b) . Masahiro Nomura in the Gunma Museum of Natural History, Yumi Nagao in Gunma Prefecture, and members of the group for the green management of Lake Ohshio. We also thank Tomioka City for use of their facilities.
